Abstract. Dimethylmercury (CH 3 −Hg−CH 3 ) and other Hg-containing compounds can be found in atmospheric and aqueous environments. These substances are highly toxic and pose a serious environmental and health hazard. Therefore, the understanding of chemical processes that affect the stability of these substances is of great interest. The mercury-containing compounds can be detected in atmosphere, as well as soil and aqueous environments where, in addition to water molecules, numerous ionic species are abundant. In this study we explore the stability of several small, Hg-containing compounds with respect to water molecules, hydronium (H 3 O + ) ions as well as other small molecules/ions using density functional theory and wave function quantum chemistry methods. It is found that the stability of such molecules, most notably of dimethylmercury, can be strongly affected by the presence of the hydronium H 3 O + ions. Although the present theoretical study represents gas phase results, it implies that pH level of a solution should be a major factor in determining the degree of abundance for dimethylmercury in aqueous environment. In particular, it is found that CH 3 −Hg−CH 3 reacts readily with the H 3 O + ion producing CH 3 −Hg−OH 2 + and methane indicating that low-pH levels favor the decomposition of dimethylmercury. On the other hand, our study suggests that high-pH levels in aqueous environment would favor stronglybound complexes of [CH 3 −Hg−CH 3 OH]  species. Overall, the theoretical evidence presented in this study offers an explanation for the available experimental data concerning the stability of dimethylmercury and other mercury-containing compounds having the general structure 
INTRODUCTION
Elemental mercury (Hg) is the only metal that is liquid at room temperature. This unique property evidently is related to relativistic effects. 1, 2 Over many years mercury has been classified as a transition element (see e.g. Ref.
3), however recently this classification has been challenged. A recent paper by Jensen 4 suggests that Hg as well as Zn and Cd should not be classified as transition elements although some controversy still exists regarding this issue. 5, 6 The ground state electronic configuration of mercury atom is [Xe] 4f 14 5d 10 6s 2 indicating that the Hg-dimer should be a weakly bound van der Waals-type system in its ground state. 7 Much attention has been dedicated to mercurycontaining compounds containing halogens and methyl groups that are of practical significance to the human population. A large body of experimental data documenting effects of mercury to human health has accumulated over many years. [8] [9] [10] [11] [12] In this context, theoretical studies are important in elucidating possible chemical mechanisms involving Hg-containing species. 13 It is well known that mercury and its compounds, especially methylmercury species, i.e. compounds containing CH 3 Hg-group, are extremely toxic to humans and other living organisms. [8] [9] [10] [11] [12] [13] [14] [15] [16] These compounds exist naturally in the environment, although human-related activities have contributed to the increased concentrations of mercury. It is understood that high affinity of the organomercurial compounds for thiols and lipophilic characteristics are the critical factors in their toxicity and various living organisms have developed unique neutralization mechanisms that counteract its effects. For example, bacteria developed two resistance pathways which involve the cleavage of Hg−C bond with a subsequent reduction of the mercuric residues to elemental mercury. 15, 16 The presence of methylmercurials in soil, aqueous environment and the atmosphere is well documented. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Due to various transport mechanisms such compounds accumulate in living organisms, especially in aquatic environments. Methylmercury species are known 8 to cross the bloodbrain barrier and are highly neurotoxic. One of the most toxic forms to humans among many mercury-containing chemical compounds is dimethylmercury (DMHg) with its chemical formula CH 3 −Hg−CH 3 . DMHg is a nonpolar compound and readily accumulates in fatty tissues. 8, 14 One of the important aspects in reducing the long-term exposure of methylmecury compounds to human population relates to understanding of chemical and physical processes controlling its concentration. Therefore, a significant volume of research has been dedicated to methylmercury, its demethylation as well as exploring other possible mechanisms involving mercury. [28] [29] [30] [31] [32] [33] [34] Evidently, DMHg is the predominant methylated form of mercury in the deep ocean. 23 It has been suggested 24 that the oceanic DMHg is the main source of monomethylmercury (MMHg) in the water column. The MMHg compound (i.e. methylmercury monocation [CH 3 −Hg] + ) plays a significant role in the aqueous environment due to its ability to biomagnify in aquatic food chains leading to high toxicity levels in fish and other organisms. This seems to be the main pathway to the exposure of mercury to human population. 8, 12 Recent findings of Conaway et al. 22 indicate unexpectedly high concentrations of DMHg in costal surface waters. Some studies 35 suggest that one possible route for the degradation of DMHg into MMHg in aqueous environments is by evaporating of DMHg into the atmosphere and, after the chemical transformation into MMHg, being brought back to the Ocean waters by aerosols or water vapor. An alternative route for the transformation from DMHg to MMHg may involve mechanisms and chemical species that can occur directly in aqueous environments.
A number of theoretical studies investigating chemistry of mercury-containing compounds have already been reported in the literature. [36] [37] [38] [39] [40] [41] [42] [43] [44] For example, mechanisms associated with the Hg−C bond cleavage by halogenic acids have been investigated by Barone and co-workers. 15 Ni et al. 36 investigated possible mechanisms for degrading chloromethylmercury (CH 3 −Hg−Cl) and dimethylmercury (CH 3 −Hg−CH 3 ) involving thiol and ammonium residues. Khalizov et al. 37 studied the reactions of Hg with halogens and discussed their atmospheric implications. Shepler et al. 38 have analyzed the effects of aqueous solvation on the thermochemistry of reactions between Hg and small halogen molecules. Furthermore, it has been proposed that organic mercury-containing compounds can be broken-down into less toxic species via photo-reduction and microbe-assisted transformations. 44, 45 The role played by humic acids that are abundant in aqueous environment has been recently discussed in Ref. 20 . A study by Tossell 44 examined the reaction energies for the formation of various CH 3 −Hg−L species resulting from CH 3 −Hg + and ligands L. In particular, Tossell's study 44 indicates that (CH 3 −Hg−OH 2 + ) should be the most dominant species in natural water systems.
Since methylmercury species frequently occur in aquatic environments, one of important questions is investigating the stability of these compounds with respect to exposure of water molecules as well as hydronium (H 3 O + ) and hydroxide (OH − ) ions which, in turn are associated with pH levels of aqueous environments. Of particular interest is the observed correlation between low pH levels and instability of DMHg. [32] [33] [34] Thus, the goal of the present theoretical study is to explore possible mechanisms that can contribute to the chemical degradation of DMHg (CH 3 −Hg−CH 3 ).
METHODOLOGY AND TECHNICAL DETAILS
The geometry optimizations in this study were performed for the following systems: H 2 4 + is explored by optimizing the geometries with the inclusion of the counterpoise correction (CP) to correct for the basis-set-superposition-error (BSSE). 46 The basis set used in all the calculations is 6-31G(d,p) (spherical harmonics) for all atoms except mercury. For the Hg atom the Stuttgart/Dresden pseudo-potential (effectivecore-potential) MDF60 (see Refs. 47,48) was used to treat core electrons while the MWB60 basis set was used to treat valence electrons. The initial optimization step uses PBE DFT-functional and the resulting optimized geometry is used as the starting point in the MP2 optimization. After the geometry is optimized at the MP2 level of theory, a single-point CCSD(T) calculation is performed to obtain the total energy (electronic energy including nuclear repulsion). The vibrational analysis and the zero-point-energies correspond to the MP2 level of theory. All calculations were performed using GAUSSIAN package of ab initio programs. 49 Only local minima on the singlet ground-state potential energy surface [50] [51] [52] have been considered in this study.
RESULTS AND DISCUSSION
The strategy of this investigation is to explore As a first step, we calibrate our methods and basis sets against the benchmark data found in literature for selected molecular species to make sure that they are appropriate for the present investigation. We note that the goal of the calibration step is not the quest for an extraordinary high accuracy (our chosen basis sets are too small for this purpose) but rather to show that our final conclusions are expected to be reliable regarding the energetics of dissociation pathways of the Hg-containing compounds. We select Cl−Hg−Cl as our first case and compare our MP2 optimized geometry and vibrational frequencies with the previous high level calculations and experimental data. [53] [54] [55] The results are displayed in Table 1 . As can be seen from the table the results of our MP2 optimization while not perfect yield quite satisfactory results. We also provide a comparison with experiment 56 of our MP2 optimized geometry for the CH 3 −Hg−Cl compound in the supplementary material (see Table S1 ). The evidence supports that our level of theory and basis sets are capable of providing reliable results. To estimate the quality of our methodology on a weakly-bound neutral system we select the water dimer 57 as an example. We also consider the H 5 O 2 + molecule [58] [59] [60] [61] as an example of a strongly-bound ionic system resulting from the interaction between the hydronium ion and water. We perform MP2 geometry optimizations for the water dimer and the H 5 Figure  S1 ( Figure S1A represents the water dimer geometry and Figure S1B represents The interaction and binding strength between X−Hg−Y and any of the neutral ligands L (L= H 2 O or NH 3 ) where each symbol, X and Y, represents either CH 3 -group or Cl-atom, has been calculated in an analogous manner as discussed above. The geometry of the NH 3 molecule is displayed in Figure S2 (panel A) of the supplementary material. The total electronic energies are then used for calculating energy differences to obtain binding electronic energies E. In order to account for ZPE effects due to molecular vibrations, one must correct E value by adding ZPE differences between reacting species, thus obtaining (E+ZPE) value as ZPE-adjusted binding energy. In our notation, E = −D e and E(ZPE) = −D 0 .
The computational data documenting the interaction of X−Hg−Y species with neutral ligands L is listed in Table 2 . The energetics for the complex formation as well as Gibbs free energy change and equilibrium constants are displayed in the table for X−Hg−Y complexes, namely CH 3 −Hg−CH 3 , CH 3 −Hg−Cl, Cl−Hg−Cl that form with the H 2 O molecule (rows I to III) and [CH 3 −Hg−CH 3 NH 3 ] (row IV). From Table 2 it is evident that the magnitude of binding energy, E and E(ZPE), steadily increases going from [CH 3 Table 2 Table 3 . The display of the contents in these tables is analogous to that of Table 2 . Table 3 + (see Figure 4 -
 (see Figure 5 ) and
 (see Figure 6 ) increases as the bound ligand L changes from NH 4 + to Cl  and then to OH  . Since the concentration of OH  ions in aqueous solution is a measure of pOH value, it is expected that basic solutions will favor the reduction of dimethylmercury concentration by producing strongly bound
Next, we examine the reaction of dimethylmercury with the hydronium ion. The relevant data is listed in the first row of + and methane (see Figure 1, panel B) . This result can be easily understood if we consider various decomposition fragments of the combined system, i.e. CH 3 −Hg−CH 3 and H 3 O + . In Table 4 such different fragments are labeled as System-I, System-II and System-III. It is clearly evident that the System-III containing [CH 3 −Hg−OH 2 ] + and methane (CH 4 ) as sum of two individual (noninteracting) fragments is by far the most stable, i.e. has the lowest electronic energy among them. Furthermore, there seems to be no barrier that could prevent the original system, i.e. [CH 3 −Hg−CH 3 ] plus H 3 O + , from ending up in this potential energy minimum. It may be noted that the absence of the energy barrier does not negate the existence of a transition state which can be determined on the basis of other considerations, e.g., minimum flux using variational transition state theory 62, 63 (see also Refs. 64,65). As a follow up investigation we performed an MP2 optimization for a weakly-bound complex [CH 3 −Hg−OH 2 CH 4 ] + which is labeled as System-IV in Table 4 . It is found that this complex has nearly negligible binding energy of only 1.4 kcal/mol. The geometry of this complex is displayed in Figure 1 Finally, in Table 5 4 is spontaneous and has a large equilibrium constant at room temperature, the reaction CH 3 −Hg−CH 3 + H 2 O  CH 3 −Hg−OH + CH 4 would require higher temperatures to produce noticeable concentrations of the products. Also, the fourth row (labeled system-IV) in Table 5 provides the data for complex formation of [Cl−Hg−Cl  H 5 O 2 ] + as shown in Figure 8 (panel-B) .
Discussion
The goal of the present theoretical study is to explore possible mechanisms that can contribute to the chemical degradation of DMHg (CH 3 −Hg−CH 3 ). Furthermore, we also explore additional Hg-containing compounds, namely Cl−Hg−Cl and CH 3 −Hg−Cl, focusing on their binding strength with respect to water and hydronium ions as well as ions of OH  , Cl  and NH 4 + . The present work examines energetics and thermochemistry of degradation pathways of X−Hg−Y complexes (here, each symbol X and Y represents either CH 3 or Cl). As noted earlier, the present theoretical work is primarily focused on the exploration of the interaction of (CH 3 −Hg−CH 3 ) with water molecules and hydronium ions which relates closely with pH levels and the stability of DMHg in aqueous environments. The current work shows that the DMHg is highly unstable with respect to H 3 O + and decomposes readily while the presence of other ions, like OH  , Cl  and NH 4 + , has a somewhat weaker effect on the stability of DMHg. Although the present study corresponds to gas-phase conditions, the instability of DMHg with respect to the hydronium ion clearly implies that in aqueous environment the rate of degradation of DMHg should increase as value of pH gets smaller. Manifestly, our result is in accord with the experimental observations regarding the dependence of increased instability of DMHg with lower pH levels in aqueous environment found in literature. [32] [33] [34] We also demonstrate that Cl−Hg−CH 3 which has only one methyl group is much more stable with respect to the hydronium ion as compared to the DMHg compound. This result correlates well with a recent report by Korbas et al. 14 which suggests that dimethylmercury should be more susceptible to C−Hg protonolysis than monomethyl species based solely on the examination of the distribution of Mulliken atomic charges. Manifestly, the data above sheds some light regarding the rapid demethylation of dimethylmercury to monomethyl species reported by Ostlund 27 a) E(ZPE) is the total energy value to which the ZPE is added. b) System-I: CP-corrected for Basis-set-superposition error (BSSE) = 5.205 mh (millihartree). c) System-II: CP-corrected for Basis-set-superposition error (BSSE) = 6.432 mh. d) System-III: CP-corrected for Basis-set-superposition error (BSSE) = 7.770 mh. a) E(ZPE) is the total energy value to which the ZPE is added. b) CP-corrected for Basis-set-superposition error (BSSE) = 5.286 mh. System-III: CP-corrected for Basis-set-superposition error (BSSE) = 1.821 mh. System-III: CP-corrected for Basis-set-superposition error (BSSE) = 3.393 mh. + geometry optimization with counterpoise-correction.
MP2-optimization: ------------------------------------------------------------Symbolic Z-matrix:
Charge = 1 Multiplicity = 1 in supermolecule Charge = 0 Multiplicity = 1 in fragment 1. Charge = 1 Multiplicity = 1 in fragment 2. -------------------------------------------------------------- 
.01382 -----------------------------------------------------------
MP2 result: Counterpoise: corrected energy = -308.767627465143 Counterpoise: BSSE energy =
-----------------------------------------------------------
Rotating derivatives to standard orientation. 
CCSD(T) Result:
------------------------------------------------------------------------------------------------ Charge = 1 Multiplicity = 1 in supermolecule Charge = 0 Multiplicity = 1 in fragment 1. Charge = 1 Multiplicity = 1 in fragment 2. ------------------------------------------------------------------------------------------------ Hg(Fragment=2) ----------------------------------------------------------------------------
Counterpoise: corrected energy = -308.832814709825 Counterpoise: BSSE energy = 0.001311946240 Table SXX . The data for MP2-geometry optimization of CH 3 -Hg -CH 3 .
- 
The electronic state is 1-A1. Table SXXI . The data for MP2-geometry optimization of CH 3 -Hg + .
-
The electronic state is 1-A1. ------------------------------------------------------ 
corrected energy = -307.735253114686 Counterpoise:
BSSE energy = 0. 055519441251  -------------------------------------------------------------------- 
--------------------Thermochemistry --------------------

